In this review, we summarize the recently published literature that demonstrates the efficacy and safety of autologous haematopoietic stem cell therapy (AHSCT) in multiple sclerosis (MS) and highlight the importance of supportive care required for the safe and well-tolerated delivery of AHSCT.
INTRODUCTION
Multiple sclerosis (MS) is an autoimmune disorder of the central nervous system (CNS) characterized by inflammatory demyelination and subsequently gliosis and axonal loss. It is the commonest cause of nontraumatic disability in young adults with a prevalence of around 1 in 1000 [1] . Typically, MS presents in adults at the age of 20-40 years and is twice as common in women as in men. In 85-90% of cases, the disease runs a relapsing remitting course (RRMS) characterized by defined episodes of new or worsening neurological symptoms and signs followed by partial or complete recovery [2] . The majority of those patients transit into a secondary progressive phase (SPMS) with gradual accumulation of fixed disabilities [3] . About 10-15% of affected patients develop a progressive disability from disease onset denoting a primary progressive course [2] .
Over the last two decades, an increasing number of disease-modifying therapies (DMTs) have become available for the treatment of MS. These agents target the inflammatory component of the disease reducing relapse rate and the accumulation of lesions in the CNS and ultimately the accumulating disability. To date, 14 DMTs have been approved with varying efficacy and safety profiles [4] . Despite their use, many patients continue to have breakthrough relapses and disability progression [5] . This subgroup of patients represents a real therapeutic challenge.
Progression of neurological disability in MS has traditionally been measured by the Expanded Disability Status Scale (EDSS, Table 1 ) [1, 6] . In addition, No Evidence of Disease Activity (NEDA) is now increasingly used as an outcome measure in routine practice and clinical trials [7] . NEDA is a composite measure of three components representing a state of absent clinical relapses, disability progression and MRI disease activity [7] . In recent phase III randomized clinical trials (RCTs) of modern DMTs, only 37-47.7% of patients maintained NEDA at 2-5 years after the treatment with high efficacy DMTs, such as natalizumab [8] , ocrelizumab [9] and alemtuzumab [5, 10, 11] .
Autologous haematopoietic stem cell therapy (AHSCT), also known as autologous haematopoietic stem cell transplantation, is a well-established procedure used mainly to treat haematological malignancies [12] . In the last two decades, it has been increasingly used for the treatment of aggressive autoimmune diseases [13] [14] [15] [16] [17] [18] . Based originally on preclinical experiments in animal models of MS, the first AHSCT procedures as a treatment for MS were performed in 1995. Overseen by the Autoimmune Diseases Working Party (ADWP) of the European Society for Blood and Marrow Transplantation (EBMT), the EBMT registry now includes over 3000 patients treated with various types of HSCT for autoimmune diseases, with over 1400 patients treated with AHSCT for MS. Other international registries and institutional databases include more than a thousand MS additional patients treated with AHSCT worldwide [12] [13] [14] [15] [16] [17] [18] .
AHSCT aims to eradicate the aberrant immune system and reset immune tolerance to prevent ongoing and recurrent neuroinflammation in MS [13, 18] . In distinction to DMTs, AHSCT is an intensive one-off treatment after which most patients will not require additional therapies. A common misconception is that autologous haematopoietic stem cells (AHSCs) differentiate into neuronal cells that repair damaged CNS tissue. Instead, AHSCs differentiate only into haematopoietic and other immune cells in vivo and are therefore used as a supportive product to speed haematopoietic recovery following the administration of high-dose systemic cytotoxic therapy. This immunochemotherapy -referred to as the 'conditioning regimen' [18] [usually a combination of high-dose chemotherapy and antithymocyte globulin (ATG)] removes autoreactive T cells and other immune effectors. The AHSC infusion not only enables recovery from chemotherapyinduced cytopenia, but is also associated with immune 're-booting' [13, 19] . The treatment is followed by rapid resolution of neuroinflammatory activity, whereas longer term alterations in immune reconstitution are associated with sustained clinical responses.
Concerns regarding the toxicity of AHSCT in MS, usually a nonlife-threatening disease, previously limited its use. However, with increasing transplant centre experience and judicious patient selection, AHSCT can be performed safely with minimal risk of treatment-related mortality. MS is currently the fastest growing indication for AHSCT in Europe [16] and supported as a standard-of-care in the EBMT indications practice guidelines [20,21 & ].
CLINICAL STUDIES OF AUTOLOGOUS HAEMATOPOIETIC STEM CELL THERAPY IN RELAPSING REMITTING MULTIPLE SCLEROSIS
Over the last 5 years, increasing studies of AHSCT in RRMS have been reported, reflecting both its safe delivery and efficacy in respect to relapse rates, MRI activity, disability progression, fatigue and quality of life [22] [23] [24] . Despite the differences in their designs and transplant technique, these studies showed remarkable consistency in clinical and radiological outcomes. For example, progressionfree survival (with progression defined as confirmed
KEY POINTS
AHSCT is a highly efficacious, one-off intensive therapeutic procedure for DMT-resistant poor prognosis inflammatory MS.
The safety of AHSCT has significantly improved because of improved patient selection, choice of conditioning regimen and increasing experience and accreditation of transplant centres.
Supportive care expertise during the peri-and posttransplant period, with on-going close monitoring of patients, is key to the safe and successful delivery of AHSCT in MS. increase in EDSS by 0.5-1 point from baseline), was reported as 70-91% [25] with 68-70% of patients maintained NEDA at 3-5 years after ASHCT [17, 26] .
The EBMT phase II 'ASTIMS' RCT compared AHSCT with mitoxantrone [27] . AHSCT was superior in suppressing neuroinflammation, reflected by MRI activity and relapse rate, although the study was too small to identify an impact on disability which is likely to be related to high prevalence of patients with SPMS in the accrual [27] . Recently, the interim results of 'MIST', the first phase III multicentre RCT, with 110 patients with RRMS randomized to either nonmyeloablative AHSCT or best available DMTs, have confirmed the superiority of AHSCT over most standard DMTs with sustained improvement in clinical and radiological outcomes in patients randomized to the AHSCT arm [28 && ]. Further trials are required to compare the efficacy of AHSCT with modern highly effective DMTs (alemtuzumab, ocrelizumab and cladribine).
Improved safety and efficacy of AHSCT in MS is best attributed to patient selection, choice of conditioning regimen and centre experience [16, 29] . The current consensus is that AHSCT is best used to treat younger patients (less than 45 years), with short disease duration (less than 10 years), who are not very disabled (EDSS >5.5) and who have highly active RRMS (at least one relapse in the previous 12 months with evidence of MRI disease activity) despite the use of DMTs [14,21 & ]. The EBMT recommends the procedure to be performed in accredited centres, where there is evidence to support improved outcomes in well-selected patients [16,21 & , 29,30 & ]. In addition, the ADWP has written plainly worded guidance for patients and their carers to explain the nature of the procedure, its risks and who may benefit from it, especially if patients self-refer outside their own health services to units offering AHSCT or similar procedures abroad [30 & ].
The autologous haematopoietic stem cell therapy procedure and the role of supportive care AHSCT encompasses a multistep procedure: stem cell mobilization and harvesting; conditioning, stem cell reinfusion, cytopenia and engraftment; posttransplant recovery and immune reconstitution [31] (Fig. 1.) . All phases require supportive care.
MOBILIZATION AND HARVESTING
The first phase is mobilization of AHSCs from bone marrow into peripheral blood using granulocyte colony-stimulating factor (GCSF) and cyclophosphamide, which prevents further MS relapses while enhancing AHSC mobilization into the blood [32] [33] [34] . AHSCs are collected by leukapheresis followed by cryopreservation until the patient is ready for AHSCT. AHSCs may be purified by ex-vivo manipulation, but no added benefit on clinical outcomes has been demonstrated [21 & ,31 ]. The quality of the graft, in terms of adequate number of collected and cryopreserved stem cells, contributes to the safety of the procedure [35] .
CONDITIONING REGIMEN, STEM CELL INFUSION AND CYTOPENIA
The next phase is the administration of the conditioning regimen, which involves in-patient admission for ablation of the immune system with highdose chemotherapy. Conditioning regimens vary according to the intensity of immunoablation, and have been classified as 'low', 'intermediate' and 'high' [21 & ]. 'High-intensity' regimens have high efficacy, but also greater short-term and long-term toxicity [18, 36] , whereas 'low'-intensity regimens have a higher rate of treatment failure [21 & ]. Therefore, 'intermediate-intensity' myeloablative regimens, such as the 'BEAM-ATG' (a conditioning regimen originally adapted from the treatment of lymphoma) and the lympho-ablative regimen -'cyclophosphamide-ATG' (adopted from the treatment of aplastic anaemia), are the most frequently used in MS [18,21 & ,37] . In line with the EBMT recommendations, most centres make a choice of either BEAM-ATG or cyclophosphamide-ATG depending on centre experience [21 & ]. Rabbitderived ATG is more commonly reported, but horsederived ATG may also be used safely and effectively [38] .
Once the conditioning regimen has been given, the previously harvested cells are thawed under controlled conditions and reinfused, usually with hydration, antiemetics and other supportive care measures covering the systemic effect of the dimethylsuphoxide and cytolysis debris, unless the product is washed to remove them after thawing. Pancytopenia follows for 10-14 days until the infused AHSCs reconstitute requiring support with irradiated red cell and platelet transfusions, and hormonal therapy to prevent menstrual bleeding. Prophylactic and therapeutic antiinfective agents (antibacterial, antiviral and antifungal) are necessary to cover immunosuppressed periods. Central line access is necessary for chemotherapy, fluids, transfusions and drugs, requiring scupulous care to minimize complications, especially infection.
SPECIFIC SUPPORTIVE CARE FOR AUTOLOGOUS HAEMATOPOIETIC STEM CELL THERAPY IN MULTIPLE SCLEROSIS
AHSCT in MS is a complex multidisciplinary procedure and patients are heterogeneous in relation to the level and nature of disability and comorbidities. Alongside the transplant specialists, the input of experienced MS neurologists, supportive care clinicians, including therapy teams, infectious diseases, dieticians and psychologists, is essential to ensure a good recovery and favourable long-term outcomes.
Supportive care management is essential in some specific areas, as follows:
(1) There are special considerations for neurological toxicity (Table 2) , which is reported in 17% of patients within 60 days of AHSCT [31] . MS patients may experience worsening of their neurological symptoms secondary to fever (pseudorelapse or Uhthoff's phenomenon) in the context of infections or due to ATG-induced fever [32, 39] . The effect of fever is usually temporary [28 32] . Patients may also develop deterioration in mobility, worsening spasticity and fatigue because of the prolonged bed-bound treatment spell. Preexisting disability and dehydration may predispose to an increase risk of falls and platelet transfusion thresholds may be set higher to avoid complications. Although platelets levels tend to be reduced, patients are often bedbound and thromboembolic risks should be considered during the conditioning phase and upon platelet recovery until full mobilization.
(2) Side-effects of ATG require special consideration in the context of MS. Acute febrile and allergic reactions are common. Slow infusion rate, highdose steroid and antihistamine cover are vital [21 & ,32], and consideration needs to be actively given to individualized rate of administration to ensure patient stability. As ATG persists beyond its administration, management of fever in MS patients undergoing AHSCT needs to include not only prompt administration of broad-spectrum antibiotics as per unit policy, but also consideration of the ongoing risk of allergictype fever. A de-escalating regimen of oral or intravenous steroid may be used beyond the conditioning period, and additional pulse doses of steroids (methylprednisolone) may be necessary alongside routine workup for neutropenic sepsis. However, the use of steroids adds to the risks of fluid retention, impaired glycaemic control, infection and impaired early phase of immunological engraftment, mandating close attention to fluid balance and clinical biochemistry, as well as a low index of suspicion for infection markers, which may be suppressed by steroids.
(3) The urinary tract may be more problematic in patients with MS, who may have difficulty voiding, detrusor-sphincter dyssynergia or permanent in-situ catheters [40] . A history of urinary tract infection presents a risk of sepsis during neutropenia and bacterial resistance. A urinary bacterial test before admission might help to identify multiresistant germs before the aplastic phase. If there is residual urine on admission, then placement of a catheter should be considered during the administration of cyclophosphamide, which comes with a risk of haemorrhagic cystitis, even with routine prophylaxis with Mesna and hyperhydration. (4) As with other AHSCT procedures, the gastrointestinal tract may be temporarily affected, with varying degrees of nausea, vomiting and anorexia, with the conditioning regimen, followed by oropharangeal mucositis, abdominal symptoms and bowel disturbances, which tend to last until the recovery from neutropenia [41, 42] . With severe gastrointestinal symptoms, intravenous drug administration and total parenteral nutrition may be required. Other expected chemotherapy-related complications include transient alopecia, liver toxicity (from chemotherapy, antifungals and norethisterone), fertility impairment and cardiac toxicity [41] . (5) All patients are at risk of deconditioning. On top of their preexisting disability, this represents a challenge in recovery. Ideally, patients should be assessed by neurologically experienced physiotherapists prior to AHSCT to consider the need for 'prehabilitation' to reduce the inevitable decline in function that will come with AHSCT [43] . At the very least, there should be some planning for rehabilitation requirements following discharge. In severely disabled patients, this may best be delivered away from the transplant facility and in specialized neurorehabilitation setting.
EARLY FOLLOW UP
The whole AHSCT procedure usually requires inpatient hospital admission for about 4 weeks. Following stabilization and discharge, patients require close ongoing monitoring to ensure safe recovery. Prophylactic aciclovir and pneumocystis pneumonia prophylaxis should continue for 6-12 months, and antifungals for 3 months, in accordance with local policies. As with AHSCT for other procedures (such as myeloma), quality of life will take some months to completely recover usually because of profound lethargy, even though some RRMS patients may experience a rapid response in terms of their neurological recovery [21
The additional immune suppression, particularly with the inclusion of ATG in the conditioning regimens, means that there is an ongoing risk of viral reactivations. Aciclovir prevents HSV-1/2 and VZV reactivation. Screening for cytomegalovirus (CMV) and Epstein-Barr virus (EBV) reactivation, similar to allogeneic haematopoietic stem cell transplantation protocols, for the first 3 months and sometimes beyond, is essential so that preemptive treatment can be instituted promptly, especially for CMV, which may be life-threatening. EBV reactivation is detected in up to 80% of MS patients with previous EBV exposure who receive ATG-conditioning regimens and may also be related to previous DMTs [44] . Symptomatic reactivation of EBV can be occasionally associated with de-novo monoclonal gammopathy and new neurological sequelea (not related to MS) as well as lymphoproliferative disorders [44] .
LONG-TERM FOLLOW-UP: NEUROLOGICAL AND FOR 'LATE EFFECTS' OF HAEMATOPOIETIC STEM CELL THERAPY
Follow-up should involve the treating neurologist to assess MS status and the transplant haematologist should oversee routine posttransplant 'late effects' screening for immune, endocrine and reproductive function and late cancers.
Infection may be an ongoing risk and routine posttransplant vaccination schedules should be considered in all patients [21 & ]. The risk of progressive multifocal leucoencephalopathy (PML) appears to be lower than with DMTs [45] . Indeed, no cases of PML have been reported so far, including patients previously treated with natalizumab with high titres of John Cunningham virus antibodies [45] .
Endocrinopathy after AHSCT primarily affects thyroid and gonadal function [21 & ,46]. Transient amenorrhea is commonly seen among treated women. Recovery of menstrual cycle was observed in all women less than 32 years old after approximately 5 months, regardless of the conditioning regimen used, restoration of menstruation following AHSCT was reported in 38% up to the age of 41 [47] . AHSCT confers a risk for permanent infertility, but reports of successful pregnancies with no congenital or developmental disease in the newborn are reassuring [48] . Counselling of patients on fertility risks and gamete or embryo cryopreservation should be an integral component of the consultation and consenting for AHSCT. Hypogonadism should be corrected with hormone replacement as appropriate.
Posttransplant cancers are rare in MS [49] . The excess incidence of normally expected rates is unknown, but in a long-term follow up study, nine out of 281 patients developed new neoplastic conditions following AHSCT, including myelodysplastic syndrome, breast cancer, glioblastoma multiforme, prostate and cervical cancer [49] .
Another complication is the development of secondary autoimmune diseases [46] , although these seem to be rare after AHSCT compared with some DMTs, such as alemtuzumab [32, 50] . EBMT registry and other studies have shown that secondary autoimmune disease (most commonly thyroid disease) occurs with a long-term incidence of 4-6% [21 & ,46,49] .
CONCLUSION
AHSCT provides a one-off intensive therapeutic procedure for DMT-resistant poor prognosis inflammatory forms of MS, especially RRMS. Safety has significantly improved because of improved patient selection, the choice of conditioning regimen and the increasing experience and accreditation of transplant centres. The risk: benefit profile is increasingly acceptable to various neurology communities. Multidisciplinary team, including supportive care expertise, during the peritransplant and posttransplant period is key to the safe and successful delivery of AHSCT in MS.
